We analyze theoretically the autocorrelation function of the received signal, and we show that its structure satisfies the criteria for processing by the MUSIC algorithm. A statistical numerical simulation of SuperDARN data processing by the MUSIC method allows us to evaluate the performances and the limits Of applicability of the method. We show and illustrate with examples taken from experimental data that the main imprr3vements are (1) the correct sep'aration of mixed echoes from ground and ionosphere, which enhances the quality of ionospheric convection measurements, and (2) the capability to resol,ve multiple ionospheric sources which appear in regions of inhomogeneous convection. These multiple sources can be used to resolve small-scale structures in the velocity field.
Introduction
The Super Dual Auroral Radar Network (SuperDARN) coherent HF radars have been designed to monitor the large-scale ionospheric convection [Greenwald et al., 1995] . From the signal coherently backscattered by electron density irregularities frozen in the ionospheric plasma, the radial component of the convection velocity can be deduced. Using two radars situated at remote sites and sharing a common field of view, a vector convection map can be obtained. The transmitted signal consists in a multipulse sequence, a frequency resolution of the Fourier transform method is not sufficient. A high-resolution method is more appropriate, namely, the multiple signal classification (MUSIC) method described by Schmidt [ 1986] .
The standard processing technique of the radar data, which is valid in the case of a single source, will be briefly reviewed in section 2. In section 3, we will consider the case of two sources. The structure of the ACF is investigated theoretically, and examples taken from the SuperDARN radars will illustrate the inadequacy of the standard method in that case. The alternate method based on the MUSIC algorithm will be described in section 4, and a statistical evaluation of its capability to provide correct results will be presented. Finally, section 5 will discuss examples illustrating the potential benefits of the high-resolution spectral analysis for geophysical purposes.
The Standard Analysis
Before investigating the case of several sources, let us recall the standard situation when a single source is present and investigate how the standard method of analysis works. We will first describe the multipulse emission scheme and its processing to calculate the ACF. We will then present how the physical parameters, velocity, and spectral width are extracted by the standard method.
Multipulse and Autocorrelation Function
The main advantages of a multipulse system have been thoroughly described by Farley [1972] . The basic principle is to transmit a sequence of pulses such that the time delays between any two pulses of the sequence are different and form a regular series, thus allowing us to calculate the corresponding delays of the ACF. The pulse length defines the range resolution or, equivalently, the radial length of the elementary cell in the radar field of view. One of the multipulse schemes currently used by the SuperDARN radars is shown in This technique allows us to obtain 17 points of the complex ACF in each of the 70 range gates, every 7 s.
Obtaining Velocity and Spectral Width
From the ACF The standard method for obtaining the Doppler velocity and the spectral width has been described by Villain et al. [1987] . The velocity is derived from the Doppler frequency, deduced from the phase of the ACF by a linear least squares fit. The phase ½ is given by q•--arctan(I/R), where R and I are the real and imaginary parts of the ACF. A typical example taken from the Stokkseyri SuperDARN radar is given in Figure 2a . Dots represent the experimental values of the phase, and the solid line is the least squares fit to these points. In this example, the cross terms in (3) have no influence on the experimental ACF, as expected, thanks to the averaging process. Lag ( appeared which are designed to enhance the spectral resolution. They are all based on a priori hypotheses on the structure of the signal. Among them, the multiple signal classification (MUSIC) method, described by Schmidt [1986] , assumes a signal composed of a sum of complex sine waves with additional white noise. The structure of the ACF given by (9) suggests that this method is appropriate to the SuperDARN data.
Summary of the MUSIC Method
Let us now write the ACF as a sum of M damped Figure 4c shows estimates of the probability of a correct estimation of the velocity, the probability of an incorrect determination of the velocity, and the probability that the source is not detected. For small spectral width the probability of a correct detection is very good, whereas the probability of no or false estimation remains negligible. The probability of a false estimation reaches 5% when the spectral width is 250 m/s and 25% when the spectral width is 500 m/s.
The damping of ionospheric backscattered signals is not necessarily exponential. Gaussian damping (leading to a
Gaussian spectrum) is sometimes observed, although less often. Although the MUSIC algorithm is not designed for Gaussian damping (two or more close sources can be obtained instead of a single source), the method has been applied to such signals. Figure 5 shows the results of the simulation performed for Gaussian spectra with all other conditions remaining the same as for Figure 4 . The main difference is that the probability of a false estimation now reaches only 3% for a spectral width of 250 m/s and raises to 30% for 500 m/s. The probability of no estimation is not different in both cases. probability of a correct estimate, typically 50% only for a 300 m/s spectral width. The remaining 45% are rejected by the threshold condition. Figure 6b shows the results obtained when the ionospheric and ground echoes have velocities too close to be separated by FFF (AV < 250 m/s). The probability of a correct estimation is considerably reduced, typically 60% at best. It must be noticed also that the probability of a false estimation, although higher than in the case of two well-separated sources, remains below 5%, whatever the spectral width. [Delhote, 1985] . This was confirmed by simulation with ground scatter amplitude up to 30 dB above the ionospheric amplitude.
At this point, it is necessary to mention that in
The simulations have also been analyzed to compare the number of ionospheric sources given by MUSIC to the real number. When only one ionospheric echo is present, the probability of obtaining two or more ionospheric echoes is less than 0.5% in the Lorentzian case, whatever the spectral width, and between 0.5% and 1.5% (depending on the spectral width) in the Gaussian case.
It must be kept in mind that all the above probabilities have been obtained with the ACF of the type defined in section 4.2. Other multipulse schemes can be designed which, by increasing the number of points in the ACF, are potentially able to improve the quality of the results obtained with MUSIC.
Analysis of SuperDARN Data
With the MUSIC Algorithm SuperDARN data have also been analyzed with the MUSIC algorithm. We present below examples which confirm the capability of high-resolution methods to resolve multiple sources in the scattered signal. We will also illustrate the benefits, which can be obtained by the use of MUSIC for the study of the ionospheric plasma convection. Figure 7 shows Fourier spectra obtained from the Stokkseyri radar in six adjoining cells (a 3x2 template in range and beam). The data from the two beams are separated by less than 2 min. In the beam-8 panels (left column), the ground echo dominates the FFT spectrum. The standard analysis (not shown in the figure) also detects the ground solution. In addition to the ground echoes, the MUSIC method detects two ionospheric sources: one with a velocity of the order of-350 m/s and one with a positive velocity between 500 and 750 m/s. In the beam-9 panels (right column), the dominant signal is due to the ionospheric negative velocity source. This signal is clearly seen in the FFT spectrum and confirmed by both the MUSIC and standard methods; MUSIC also detects a low velocity solution and the positive velocity ionospheric source. The consistency of the MUSIC determinations in independent cells argues strongly in favor of the method.
Ionospheric and Ground Echoes
Plate 1 shows an example of a SuperDARN radial velocity map. Plate l a displays the result of the standard analysis. It exhibits both ground echoes (in grey) and ionospheric sources. Plates lb and lc display the results of the MUSIC analysis for the same data set. The most intense ionospheric source is shown in Plate lb and the ground echoes in Plate l c. The comparison of these three panels shows clearly that MUSIC increases the spatial coverage of ionospheric sources to regions where the standard method could identify only ground echoes. This is particularly the case for the redorange area which is larger in Plate lb than in Plate 1 a; Comparison also shows that most of the ionospheric echoes identified by the standard method are confirmed by MUSIC. However, some echoes identified as "ionospheric" (green zone in Plate l a) by the standard method become "ground" by the MUSIC analysis. This means that the spectral width criterion used to distinguish between ground and ionospheric echoes (w < 50 m/s) is, in fact, more severe with the standard method than with MUSIC. It must be kept in mind that although the choice of the above limit is based on the analysis of a large number of data, it also contains arbitrariness. performance of the standard method in terms of low SNR.
Ionospheric Sources

Application to a Convection Velocity Reversal
When a convection velocity reversal is present in the radar field of view, multiple ionospheric sources are expected to be observed in the range gates across which the velocity shear occurs, whereas single sources are expected on both sides of the shear. Figure 9 shows the results obtained with the MUSIC algorithm, for the observation along a fixed direction of a steady shear over a 20-min period. Figure 9a shows MUSIC high-resolution spectral analysis technique can be used to handle more complex situations encountered where the signal includes several sources, due either to ground scatter or to multiple ionospheric lines. A statistical numerical simulation of SuperDARN data processed by the MUSIC method allows us to evaluate the performances and limits of applicability of the method. We also illustrate the capabilities of the MUSIC method with examples taken from experimental data.
We have shown that MUSIC is able to detect ionospheric sources superimposed on a ground echo. This capability depends strongly upon the spectral width; the larger the spectral width, the more difficult the separation. We have also shown that MUSIC is able to resolve multiple ionospheric sources, which are present in regions of inhomogeneous convection. The capability of MUSIC to separate several sources is a complex function of the SNR, the spectral width of the sources, and their separation. Low-velocity ionospheric echoes are particularly difficult to separate from ground scatter echoes.
Although no statistically significant evaluation has yet been done, it is clear that measurements with multiple sources are far from being the most common situation in SuperDARN data. This means that the much simpler and faster standard method of analysis, based on the single-source hypothesis, remains a very useful and powerful tool. However, the results of the present study can be used to better define the limits of applicability of the standard method. In further studies, the capability of MUSIC will be evaluated for other multipulse schemes giving a larger number of points in the ACF. The method will be also used for several geophysical purposes: (1) to reevaluate the physical interpretation of the spectral width in specific ionospheric regions; (2) to improve the accuracy of the localization of convection reversal boundaries; (3) to detect small-scale structures; and (4) to extend the field of ionospheric scatter to regions screened by ground scatter.
